Hybridization has a major role in evolution-from the introgression of important phenotypic traits between species, to the creation of new species through hybrid speciation. Molecular studies of hybridization aim to understand the class of hybrids and the frequency of introgression, detect the signature of ancient hybridization, and understand the behaviour of introgressed loci in their new genomic background. This often involves a large investment in the design and application of molecular markers, leading to a compromise between the depth and breadth of genomic data. New techniques designed to assay a large sub-section of the genome, in association with next-generation sequencing (NGS) technologies, will allow genome-wide hybridization and introgression studies in organisms with no prior sequence data. These detailed genotypic data will unite the breadth of sampling of loci characteristic of population genetics with the depth of sequence information associated with molecular phylogenetics. In this review, we assess the theoretical and methodological constraints that limit our understanding of natural hybridization, and promote the use of NGS for detecting hybridization and introgression between non-model organisms. We also make recommendations for the ways in which emerging techniques, such as pooled barcoded amplicon sequencing and restriction site-associated DNA tags, should be used to overcome current limitations, and enhance our understanding of this evolutionary significant process. Heredity (2012) 108, 179-189; doi:10.1038/hdy.2011.68; published online 7 September 2011
INTRODUCTION
Hybridization, the crossbreeding between individuals of different species, and introgression, the transfer of genes between species mediated primarily by backcrossing, have been the focus of evolutionary studies over many decades (see Anderson, 1949; Arnold, 1992; Rieseberg and Carney, 1998) . Hybridization is potentially a creative evolutionary process, allowing genetic novelties to accumulate faster than through mutation alone (Anderson and Hubricht, 1938; Martinsen et al., 2001 ). This may increase allelic variation at selectively neutral loci, and transfer adaptively important genetic variation, which may increase the fitness of the introgressed lineage (Choler et al., 2004; Martin et al., 2006; Castric et al., 2008; Kim et al., 2008) . Moreover, hybridization can have a role in speciation. Hybridization in association with whole-genome duplication (polyploidy) is considered a likely route to speciation, particularly in plants (Hegarty and Hiscock, 2008) . The difference in ploidy levels between the polyploid hybrid and diploid progenitors acts as a strong reproductive barrier (Soltis et al., 2004) , although there are examples of introgression across ploidy levels (for example, Senecio; Chapman and Abbott, 2010) . Hybrid speciation can also occur without a change in chromosome number (homoploid hybrid speciation), where the hybrid lineage is ecologically or spatially divergent from the parental progenitors (Gross and Rieseberg, 2005; .
The degree of hybridization and introgression in natural systems is limited by reproductive isolating barriers, and increasing evidence support these as permeable filters to gene flow, which may not prevent it entirely (Mallet, 2005; Slotte et al., 2008) . Therefore, rampant gene flow may occur between species where their distribution patterns overlap and they interact, so much so that introgression has been described as an 'invasion of the genome' (Mallet, 2005) . This is consistent with the increasing frequency with which hybridization is reported, with between 1 and 10% of animals and 25% of plant species known to hybridize with at least one other species (Mallet, 2005; Schwenk et al., 2008) . This ubiquity of hybridization and introgression confirms that it is a widespread evolutionary phenomenon.
Studies increasingly use detailed molecular tools to understand the dynamic nature of hybridization and introgression. Ideally, these studies aim to have a good coverage of markers distributed across the genome, with a high marker density, in order to accurately detect introgressed linkage blocks. However, this idealized situation is far from reality in all but the most well-developed model systems (Rieseberg et al., 2000; Dempewolf et al., 2010) . A major limitation when assessing introgression is the availability of genetic resources to accurately estimate interspecific gene flow; where insufficient molecular markers or gene sequences are studied, cryptic introgression is likely to go undetected (Currat et al., 2008) . Moreover, new tools are required to assess the type of genes that may be passing across species boundaries, and how these interact with the recipient genome. Nextgeneration sequencing (NGS) technologies, which generate a large quantity of nucleotide sequence data from complex nucleic acid populations (Metzker, 2010) , promise to improve vastly our ability to study hybridization and introgression, by allowing new genomic tools to be generated for organisms with no prior sequence data (Hohenlohe et al., 2011) . Recent reviews have described the technical background of these technologies (for example, Metzker, 2010) and a number of their diverse applications (for example, for understanding the genetic basis of adaptation, Stapley et al., 2010 ; the use of transcriptomics, Bräutigam and Gowik, 2010) .
In this review, we describe how NGS technologies can be used to study hybridization and introgression, and the theoretical issues that must be assessed before embarking on such studies. Our main aim is to highlight how NGS technologies can be used to bridge the traditional divide between population genetic studies, where many markers are surveyed for a large number of individuals from a few species, and molecular systematic studies, where in-depth sequence data are generated for a few loci in a limited number of individuals from each of a large number of species. The generation of in-depth genomic data for many individuals will significantly aid our understanding of the genetics of introgression, and we relate this to three major questions: What is the frequency of introgression between hybridizing species in the wild? How significantly has ancient hybridization contributed to the evolutionary process? What is the behaviour of introgressed loci in their new genomic backgrounds? We largely draw our examples from the plant literature, where hybridization has long been considered an important evolutionary force (Arnold, 1992; Rieseberg and Carney, 1998) , but also include examples from studies of animal hybridization, where it is increasingly being appreciated as an evolutionary stimulus (Mallet, 2005; Jiggins et al., 2008; Schwenk et al., 2008) . We start by comparing population genetic and phylogenetic approaches to studying hybridization. We then highlight the methodological difficulties with these current approaches, and suggest how NGS technologies will best be used to resolve these issues. Finally, we assess the potential implications of genomic introgression studies for understanding the significance of natural hybridization in evolution.
APPROACHES USED TO DETECT HYBRIDIZATION AND INTROGRESSION
Many methods have been used to detect hybridization, including critical examination of patterns of morphology, cytology, secondary chemistry and molecular markers (Rieseberg and Ellstrand, 1993) . The increase in the use of molecular markers for studying patterns of hybridization is similar to that seen in other areas of evolutionary biology, and this is largely due to the ability to apply molecular markers in a wide range of situations and analyse the data by using a robust statistical framework based on our current knowledge of evolutionary theory (Rieseberg et al., 2000) . Two widely adopted approaches can be used to detect hybridization at different temporal and spatial scales. Molecular phylogenetic approaches can be used to identify hybridization events by surveying many species, whereas population genetic studies allow a more detailed assay to confirm the class of hybrids and the number of genes being introgressed.
Phylogenetic approach
Gene tree reconstructions can be used to infer incongruence and identify potential hybridization and introgression events (see Linder and Rieseberg, 2004) . This is because phylogenetic reconstructions of hybridizing taxa using multiple independent sources of genetic information, such as low-copy nuclear markers often have polyphyletic signatures (Mao et al., 2010) . These approaches can not only be used to identify the parents of recent hybrids of unknown parentage, but also to infer ancient hybridization events. Where alternate genealogies are supported for tightly linked genes, this can be used to infer the introgression of chromosome blocks (Hobolth et al., 2007) . Interpreting phylogenetic reconstructions of formerly hybridizing taxa is challenging (Willyard et al., 2009) as reticulation may obscure the pattern of bifurcation, and the sequence evolution of these species will more closely fit a net-like rather than a tree-like pattern over time. Therefore, the aim of these studies is to identify non-recombinant sections of DNA for phylogenetic comparisons between species, and homoploid hybrids have successfully been detected using phylogenetic reconstructions incorporating intragenic recombination (for example, in tobacco plants, Kelly et al., 2010; soft corals, Mcfadden and Hutchinson, 2004) .
Phylogenetic reconstructions are usually based on specifically sequenced loci, rather than other types of molecular markers (such as microsatellites), because fast evolving markers do not contain enough information for resolving deeper level relationships (Schlötterer, 2004) . In order to accurately identify introgressed loci, a large number of nuclear regions rather than high-copy organelle and nuclear ribosomal markers are required (Hobolth et al., 2007; Hohenlohe et al., 2011) , and increasing effort is being made to identify informative nuclear markers in a range of different organisms (discussed below).
Population genetic approach
The genomic composition of putative hybrids, and the frequency of introgression, can be estimated by genotyping natural populations with molecular markers. The typical population genetic approach is to analyse the patterns of markers in hybrid zones, which are dynamic sites where species interact and cross-hybridize (Barton and Hewitt, 1985; Arnold, 1992; Buggs, 2007) , and compare them to reference populations of individuals away from these zones (Rieseberg and Carney, 1998; Pinheiro et al., 2010) . The genomic contribution of the parental lineages in each hybrid individual can then be estimated (the 'hybrid index' or 'admixture proportion'; maximum likelihood implementation in HINDEX; Buerkle, 2005) as well as the hybrid class (for example, F1, F1 backcross, model-based Bayesian implementation in NEWHYBRIDS; Anderson and Thompson, 2002) . Moreover, where detailed genomic data are available, genomic clines of introgressed alleles can be identified (using INTROGRESS; Gompert and Buerkle, 2010) .
The criteria for markers used in hybridization studies are common to other population genetic studies, namely they should be inherited in a simple Mendelian manner, have reproducible results when repeated, be scorable across all individuals, have a low number of null alleles and have the maximum amount of information for the minimum cost and effort (Schlötterer, 2004) . Markers used for hybridization studies need to amplify reliably in the divergent parental taxa, and should have diagnostic alleles distinguishing the putative parental species, or at least have a significant difference in allele frequency (Arnold, 1992; Moccia et al., 2007) . Preference should be given to mapped markers (see Rieseberg et al., 2000 for more detail) as they can be selected to have a good coverage across each chromosome, and allow the size of introgressed linkage blocks and the rate of linkage block erosion to be estimated.
The basic properties of suitable markers are detailed in Schlötterer (2004) and summarized in Table 1 . The choice of marker type depends on the genomic resources available for the organism of interest, and whether functional information about introgressed genes is required. For example, amplified fragment length polymorphisms (AFLPs) generate a multi-locus genotype from the whole genome even when no prior sequence data are available. However, the anonymous banding profile gives no information about the types of loci that are introgressed. By contrast, single-nucleotide polymorphism (SNP) assays designed in known genes are an increasingly popular highthroughput marker, which can be used to deduce functional information if comparative genomic resources are available.
Organelle markers provide additional information to complement anonymous or nuclear markers in introgression studies, with mitochondrial sequencing being popular with animal geneticists and chloroplast sequencing widely employed in plant genetics. Many more examples of organelle introgression have been detected than nuclear introgression (Martinsen et al., 2001; Gompert et al., 2008) , especially under scenarios of demographic expansion (Currat et al., 2008) . This has been explained largely by the maternal inheritance of the organelle genome, which means intraspecific gene flow at organelle loci occurs at a much lower rate than at nuclear loci. Therefore, local patterns of interspecific organelle capture will not be swamped and obscured by high levels of intraspecific gene flow ). This explanation is supported by evidence from organisms that have an atypical mode of chloroplast inheritance (for example, paternal chloroplast inheritance in gymnosperms). Here there is a higher level of intraspecific gene flow for paternally inherited chloroplast markers than for maternally inherited mitochondrial markers. As predicted, paternally inherited chloroplasts have lower observed rates of introgression than maternally inherited mitochondria (Du et al., 2009) .
Additional advantages of using organelle genomes to study hybridization include their non-recombinant nature, which makes organelle introgression easier to detect, and their predominantly uniparental inheritance, which allows the initial direction of hybridization to be ascertained (see Galtier et al., 2009 for a review of these assumptions). Organelle capture can easily be detected by surveying organelle haplotypes, and this can highlight potential introgression events that would otherwise not be identified. To do this, sufficient resolution to distinguish different haplotypes is all that is required, and the challenge is sampling enough individuals to detect rare organelle capture across a species' range. However, interpreting patterns of organelle sharing between species requires caution to distinguish between introgression and incomplete lineage sorting (see Zhou et al., 2010 and discussion below) .
Genetic maps are a valuable tool to support studies of hybrid swarms, and can be used to understand the behaviour of introgressed loci in different genomic backgrounds (Rieseberg et al., 2000) . Association studies, which compare phenotypic scores in a large number of mapping progeny to multi-locus genotypic data, can be used to search for chromosome sections associated with traits of interest (quantitative trait loci (QTLs)). This is a powerful framework for understanding the effects of introgressed loci, and markers associated with a particular QTL can be used to genotype natural populations to infer the introgression of functional genes. Fitness changes associated with introgressed genes can be assessed using reciprocal transplant or common garden experiments (Arnold, 1992; Rieseberg et al., 2003; Martin et al., 2006) . Alternatively, admixture mapping in natural populations containing a mixture of early and later generation recombinant individuals can be used to understand the genetic architecture of introgressed candidate traits (reviewed by Buerkle and Lexer, 2008) .
PROBLEMS OF THE CURRENT METHODOLOGIES
Insufficient availability of markers and low marker resolution Population genetic studies and phylogenetic studies require highly informative markers to estimate the degree of interspecific gene flow, otherwise later generation backcrosses and recalcitrant introgression may go unnoticed (Barton, 2001 ). As few as four to five fixed markers between species can be sufficient to indicate early generation hybridization (Boecklen and Howard, 1997) . However, 24-48 unlinked co-dominant markers may be required for the correct assignment of individuals to hybrid categories, depending on the population structure, the frequency of hybridization and the degree of genome divergence (Vähä and Primmer, 2006) . This many markers are seldom produced in a traditional marker design protocol, nor are they easily transferred from related model species (Zane et al., 2002) . In addition to the number of markers or genes amplified, the resolution of genetic data is also a constraint. Diagnostic species-specific markers, which are highly differentiated between the putative parent species, are the most powerful type of markers for assigning later generation hybrids and detecting introgressed alleles in population genetic studies (Hohenlohe et al., 2011) . However, only a small proportion of loci sampled will fall into this category. These are particularly hard to identify between closely related taxa, which are the most likely to hybridize.
Similarly, molecular phylogenetic studies aiming to compare incongruent gene trees for hybrid identification are largely constrained by the phylogenetic resolution of each locus, and the number of loci that can be sampled. Comparisons of poorly resolved gene trees, using markers with limited sequence divergence between species, are likely to be uninformative in tracing the reticulate history of species (Linder and Rieseberg, 2004) . Moreover, sequencing many loci is a major investment in time and money, and universal primers, which amplify conserved nuclear ribosomal and organellar markers, are often all that are available. Primers designed with broad phylogenetic scope typically do not vary greatly between species, unless they have conserved areas flanking more variable regions. To estimate the size of introgressed linkage blocks, low-copy nuclear markers are required. The primer design and cloning required to confirm a single amplified product is time-consuming (Mcfadden and Hutchinson, 2004; Steele et al., 2008) . Typically, conserved orthologous markers for amplifying nuclear genes are limited to well-studied families (for example, Asteraceae; Chapman et al., 2007). (Schuelke, 2000) decrease the number of expensive labelled primers required, and PCR multiplexing reduces the number of reactions that need to be completed. However, microsatellite studies still require a considerable amount of time and money to amplify a modest number of loci (10-15), representing a small fraction of the genome. In sequence-based approaches, each locus needs to be sequenced in a separate PCR. Therefore, sequencing effort (and the associated bioinformatic work) is a significant cost, limiting the accessions per species and the number of loci that can be sampled. This narrow sampling within species and poor depth of genetic data will overlook much of the interspecific gene flow.
Proving introgression as opposed to incomplete lineage sorting
The greatest theoretical challenge posed by genetic introgression studies is proving that the observed pattern of shared alleles between species is the product of recent introgression, as opposed to noncontemporary process such as ancient introgression or the incomplete lineage sorting of genes after speciation (deep coalescence; Pollard et al., 2006; Willyard et al., 2009) , as shown in Figure 1 . The genetic signature of incomplete lineage sorting is the same as ancient introgression soon after speciation, so we treat these together, and contrast this with recent introgression (introgression here). Empirical evidence is therefore required to infer introgression based on shared alleles between species (Slotte et al., 2008; Du et al., 2009) . This is particularly a problem in species with a large effective population size (N e ), where high intraspecific allelic diversity makes inferences of hybridization difficult, or in recently speciating groups where levels of divergence are low (Pollard et al., 2006) . This problem is illustrated by population studies in oaks (Quercus). Oaks exist in large, open-pollinated populations, where chloroplast haplotypes between species are frequently shared, and nuclear microsatellite markers indicate common alleles between species (Muir and Schlötterer, 2005; Lepais et al., 2009) . The primary argument for ancestral polymorphism is the absence of a cline of introgressed genes between two hybridizing Quercus species (Muir and Schlötterer, 2005) , whereas Lexer et al. (2006) argue that heterogeneous F ST values between markers indicate different patterns of selection and homogenization, which obscure ongoing introgression. Further evidence from controlled pollinations, the occurrence of natural hybrids in other oak species and the number of chloroplast DNA substitutions between species is consistent with introgression rather than ancestral polymorphism in explaining limited interspecific divergence across different loci (Lexer et al., 2006) . This debate emphasizes the importance of obtaining data from multiple independent genetic sources and highlights that snapshot data are insufficient for inferring processes, when a number of different processes could have led to the same pattern, as shown in Table 2 .
Having data from loci in which the phylogenetic relationship among allelic variants are known would allow us to distinguish among models of ancestral polymorphism and introgression. For example, Donnelly et al. (2004) showed the sharing of ancestral mitochondrial haplotypes (inferred from being internal in an organelle network) between two Drosophila species away from areas of sympatry, consistent with the retention of ancestral polymorphisms. Zhou et al. (2010) showed similar patterns of mitochondrial haplotype sharing owing to incomplete lineage sorting in two hybridizing pine species. Building on these experimental frameworks, studies that incorporate multiple loci with known phylogenetic relationship among their alleles, would allow us to reject the hypothesis that shared alleles arose from ancestral polymorphism and so unequivocally recognize the process of hybridization in natural populations.
Polyploid evolution and hybridization
Whole-genome duplication leading to polyploidy is often associated with hybridization and reproductive isolation (Rieseberg and Carney, 1998; Slotte et al., 2008) . It is now understood that polyploidy has been common throughout the history of flowering plants, effectively making all angiosperms ancient polyploids (paleopolyploids), and recent polyploidy has been detected in many plant and some animal species (Soltis et al., 2004; Hohenlohe et al., 2011) . The main difficulty for genomic studies of hybridization in polyploid taxa is distinguishing between homologs, similar gene copies that pair in meiosis, and homeologs, the duplicated gene copies from polyploidy (Buggs et al., 2010) . After polyploidization, duplicate gene copies undergo complex fates, including gene loss and gene silencing (Hegarty and Hiscock, 2008) . Studies of polyploid taxa require homeolog-specific markers to distinguish duplicate gene copies (Buggs et al., 2010; Hohenlohe et al., 2011) . However, most polyploid taxa have limited genetic resources available to design markers for distinguishing these duplicated gene copies.
HOW CAN NGS TECHNOLOGIES HELP US TO GET AROUND THESE LIMITATIONS?
Generating more markers with greater resolution Advances in sequencing technologies allow genomic resources to be generated for non-model groups. These include cDNA sequences from transcriptomes, complete organelle genomes and even complete nuclear genomes (Dempewolf et al., 2010; Stapley et al., 2010) . These large-scale genomic resources typically allow us to identify many hundreds of SSRs and tens of thousands of SNPs within species. Markers derived from expressed gene sequences have a number of benefits that make them ideal for hybridization studies. Firstly, searching genomic resources, such as transcriptomes, for variable markers (for example, with the program QDD for SSRs, Meglécz et al., 2010; SNPdetector for SNPs, Zhang et al., 2005 ) is a much simpler process than traditional methods for anonymous marker design (Zane et al., 2002; Lepais and Bacles, 2011) . Secondly, the function of the locus can be inferred from BLAST searches to annotated sequences. This bridges the gap with the widely used candidate gene approach to functional genetics. Thirdly, the regions in which primers are designed are likely to be conserved between species, reducing the probability of null alleles, and making crossamplification and direct comparisons between species a viable option (Woodhead et al., 2005) .
The main concern about coding sequence markers is that they may be acting in a non-neutral manner, and the subject of selection, biasing calculations of population genetic parameters (Ellis and Burke, 2007) . The assumption that they are not subject to selection is rarely tested, and an in-depth comparison between estimates of genetic diversity with coding sequence markers and anonymous markers in natural systems would validate this assumption. In addition to concerns about selection, we anticipate that EST markers are less likely to be polymorphic than anonymous markers owing to functional constraints in transcribed regions, and may contain less informative differences between the hybridizing taxa (Ellis and Burke, 2007) . Woodhead et al. (2005) compared genetic diversity in the fern Athyrium distentifolium using EST-SSRs, genomic SSRs and AFLPs, and all marker types showed similar rank orders of population diversity and comparable F ST values, suggesting polymorphism in EST-SSRs can often be considered effectively neutral. In a comparison of EST-SSRs and genomic SSRs in Castanea, Martin et al. (2010) found no significant differences in the F ST values calculated with the two marker types, suggesting no deviation from selective neutrality. However, genomic SSRs have higher relative diversities these systems, and a number of others (see references in Martin et al., 2010) . It should be remembered, however, that decreased variation at EST-SSR loci may be considered a benefit for interspecific studies, where homoplasy may be a problem.
NGS resources are also promising for detecting variable gene sequences for comparative phylogenetic studies. This can be done by mining transcriptomes, nuclear genomes, or whole-organelle genomes, which is a much quicker way than traditional methods (Dunn et al., 2008) . Software to identify the most variable gene regions have been developed (for example, BMGE; Criscuolo and Gribaldo, 2010) , and once located cloning or bioinformatic analyses can be used to ensure single copies are present, and PCR-optimized to ensure consistent amplification of a range of species. The completion of a suite of genetic and genomic resources for the asterid Guizotia abyssinica (Dempewolf et al., 2010) illustrates the possible outputs from NGS data, which can be used for marker design.
High-throughput genotyping Population genomic and comparative genomic studies aim to produce broad-scale genetic data, scoring many thousands of variable polymorphisms across the genome (Stapley et al., 2010) . As whole-genome re-sequencing for a large number of individuals remains beyond the means of most researchers, genomic partitioning methods, where individual sequence libraries are enriched with subsections of the genome, will become increasingly popular Turner et al., 2009) . Suitable subsets of the genome for hybridization studies include SNP markers scattered through the genome, candidate loci that may be introgressed between species, and sequence markers at known genomic locations. For such approaches to be used, a high level of automation is required, and the most widely used high-throughput genotyping methods are SNP marker panels (Chan, 2009 ). To design SNP markers, prior genomic resources are required to locate informative genetic variation, which is a major constraint of many projects. Moreover, SNP panels are most effective for scoring allelic variation that has been detected in the limited number of individuals in which genomic resources are generated. Therefore, the development of costeffective genomic resources through NGS (for example, Buggs et al., 2010) should be expanded to ensure good sampling of allelic variation.
For population genetic studies, SNP markers allow different alleles at each locus to be identified, and allelic diversity over many loci scored. Despite the low information content of each individual SNP, the large number of markers that can be scored yields a high-density coverage of markers across the genome. Moreover, SNP panels can be used directly on whole genomic DNA, removing the requirement of target enrichment and streamlining the experimental process. One example of an automated SNP panel is KASPar from KBioScience (Hertfordshire, UK), which relies on competitive allele-specific PCR, with fluorescent resonance energy transfer detection. This has been used for a range of genetic studies (for example, Tian et al., 2011 ). An alternative for SNP typing is the Sequenom MassARRAY platform (Hamburg, Germany), which uses single termination mix multiplexed PCR and identifies different SNPs based on their different masses (applied by Thompson et al., 2009) . For phylogenetic analyses, 9000 informative SNPs were used to produce a well-supported phylogeny for the bacterial genus Brucella, with markers designed from whole genomes, with rigorous qualitycontrol checks to ensure orthology (Foster et al., 2009) . The detection of informative SNPs for phylogenetic analyses of more complex genomes will require significant work and bioinformatic advances (discussed later).
Whereas the prospects for widespread high-throughput SNP detection and application seem good, the use of high-throughput genotyping with other commonly used markers, such as SSRs, is not viable. The difficulty here is that, in many cases, individual loci would have to be amplified and tagged prior to sequencing. Moreover, many NGS technologies have difficulties with sequencing repetitive sequences (particularly mononucleotide repeats; Chan, 2009 ). Even if highthroughput SSR amplification was achieved, stutter bands and PCR artefacts make accurate automated scoring of SSRs difficult (Schlöt-terer, 2004) ; therefore, these techniques may largely be discarded in preference for automatable SNP assays.
An alternative to SNP panels for large-scale genotyping is targeted re-sequencing, through sequencing of EST libraries, pooled amplicon sequencing of specific loci or genome-wide resequencing microarrays (Turner et al., 2005 Griffin et al., 2011) . Comparative sequencing of EST libraries for multiple individuals is an effective method for reducing the complexity of the genome, and still allows the sequencing of a genome-wide sample of loci (Kane et al., 2009) . The main drawback with sequencing EST collections, apart from its cost, is that RNA is required rather than DNA, and the high rate of RNA degradation makes this technique impractical for sampling a large number of wild-collected individuals for many organisms (Bräutigam and Gowik, 2010) . In pooled amplicon sequencing, PCR products of target regions are mixed and sequenced using an NGS platform. The most basic application of this method is for mixed environmental samples where only a single PCR primer pair and DNA sample are used, such as sequencing the P6 loop (chloroplast trnL intron) to identify plant families in an ice core using 454 pyrosequencing (Sønstebø et al., 2010) . More complex applications, required in many population genetic and phylogenetic studies, require the ligation of a specific barcode to each sample so that the reads from pooled genetic data can be traced to the individual of interest. Alternatively, genome-wide array-based resequencing can be used, where cDNA or whole genomic DNA are hybridized onto a chip containing target oligonucleotide probes (reviewed by Turner et al., 2009) , which can then subsequently be sequenced using NGS. This approach allows individuals to be sampled at many loci of known genomic location; however, it is dependent on prior genomic data being available for the organism of interest (Turner et al., 2005) .
Combined approaches for marker detection and application
Increasing read lengths of NGS platforms, and significant bioinformatic improvements, are leading to promising developments integrating marker design and application. In these approaches, a large number of sequence reads are generated for all the individuals, and then a bioinformatic pipeline used to select informative characters. For example, the researcher may be targeting species-specific variation, screening out within-and between-population variation, and retaining the battery of markers that are fixed between species. Restriction site-associated DNA (RAD) tags is an example of this approach. RAD markers are short sequences of DNA adjacent to a restriction enzyme recognition site, in which SNPs are compared between individuals (full method in Miller et al., 2007b , and summarized in Figure 2c ). This technique has been used in various organisms such as Drosophila (Miller et al., 2007b) , Neurospora (Baird et al., 2008) , the pitcher plant mosquito (Emerson et al., 2010) , zebrafish (Miller et al., 2007a) , the three spine stickleback (Miller et al., 2007b) , trout (Hohenlohe et al., 2011) and barley (Chutimanitsakun et al., 2011) . This approach sequences a subset of the genome to reduce costs and uses barcodes for individual samples to allow bulk sequencing. The number of SNP markers can be determined by the combination of restriction enzymes applied, to allow fewer markers for more individuals or higher resolution for fewer individuals. The use of a reference genome is recommended for introgression studies as this allows the assessment of synteny of introgressed linkage blocks, and their putative function. This approach meets the demands of population geneticists, providing many loci for potentially large numbers of individuals, while securing the cost-benefit of NGS by obtaining large amounts of data per lane of sequencing. This is exemplified in a study by Emerson et al. (2010) where 3741 SNPs fixed within and variable among populations were identified, for a total of 126 individuals, in two lanes of an ILLUMINA GAIIX sequencer.
Proving introgression as opposed to incomplete lineage sorting
The greater resolution and depth of genetic data generated by NGS can be used to support hypotheses of introgression as opposed to incomplete lineage sorting. One signature of recent introgression is higher allelic diversity near hybrid swarms, and a cline of introgressed alleles as one samples away from them (Arnold, 1992) . Increased sampling breadth and depth will increase the ability to detect such local phylogeographic structure. Further support comes from inferences made using high-resolution sequence data. Similar DNA sequences at each locus from individuals of hybridizing species would support a recent common ancestry for this allele, as expected by the transfer of alleles mediated by hybridization (Slotte et al., 2008) . This is particularly valuable when set in the context of a large number of loci, where different patterns of introgression can be identified at each locus. To assess ancient introgression, the phylogenetic relationship between allelic variants can be calculated, and introgression is supported when the coalescent time for the alleles at a locus is after the point of speciation (Mao et al., 2010) . Finally, hyper-variable organelle markers can be identified from NGS data and high-throughput genotyping methods used to score many individuals at these loci. The relative frequency of ancient and derived organelle haplotypes, which are shared between species; the haplotype frequencies in hybrid swarms relative to a reference population and comparisons of nuclear and organelle DNA diversity can also be used to support hypotheses of introgression or ancestral polymorphism (Donnelly et al., 2004; Gompert et al., 2008) .
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Next-generation hybridization and introgression AD Twyford and RA Ennos marker in separate PCRs, and then used a pooled barcoded protocol prior to 454 sequencing. The PCR products were error-checked for PCR recombination, prior to distinguishing different alleles at each nuclear locus using the criteria of two or more basepair changes in 480% of the reads. This technique could be extended to identifying different alleles in diploid heterozygotes as well as polyploids. This method is easier than bacterial cloning, and is useful for reconstructing polyploid evolution with a moderate number of species; however, the large number of PCR amplifications limits the number of samples that can be sequenced with this method. Moreover, the study by Griffin et al. (2011) used primers that are known to amplify a single locus; a different approach is required if divergent paralogs may be present (discussed later).
WHAT ARE THE PROBLEM AREAS THAT ARE STILL OUTSTANDING IN THE APPLICATION OF NGS?
Many of the emerging NGS techniques have yet to be rigorously tested on complex genomes, and the techniques must overcome the difficulties associated with repetitive genomes, heavily laden with transposable elements, in addition to the recurrent rounds of polyploidy some genomes have been through (Soltis et al., 2004) . Here, the challenge to design markers that reliably amplify homologous subsets of the genome, is difficult, as nearly identical paralogs can be difficult to distinguish from heterozygosity (Hohenlohe et al., 2011) . This leads to a demanding bioinformatic challenge, where a reference genome may be required to identify nearly identical paralogs. These issues are illustrated in methods that reduce the complexity of the genome through restriction fragment digestion, such as RAD tags, as summarized in Table 3 . If the restriction digest site is present in a transposon, large numbers of reads will not be informative, thus stringent data filters are required. Moreover, restriction digest sites may not be shared between alleles (null alleles), making pairwise comparisons between alleles difficult.
Owing to the high cost of NGS, the sample size used for the design of markers is often low, frequently just a single or a few individuals. This is particularly the case for organisms with complex genomes, where a large sequencing effort is required to ensure good coverage. Low sample size is particularly problematic for species-level comparisons, as it will be impossible to know whether sequence variation is fixed or variable within species if only a few individuals are sequenced . Therefore, targeted re-sequencing of genomic subsets of interest in a broader sample of individuals may be a better use of resources than whole-genome sequencing of a few individuals for hybridization studies.
HOW CAN NGS BEST BE USED TO STUDY HYBRIDIZATION AND INTROGRESSION?
We believe NGS technologies should be used to increase our understanding of three important components of hybridization in natural systems: the spatio-temporal dynamics of hybrid zones, the significance of reticulate evolution in species formation, and the behaviour of introgressed loci in their new genomic background. A particular emphasis should be on studying these areas in ecologically well-characterized groups where no current genomic data are available.
In situations where hybrid zones and introgression between species in the wild is being investigated, NGS technologies should be employed to generate an array of informative molecular markers, even between closely related species. Large-scale SNP typing is already used for evolutionary model systems, such as Populus, where 35 diagnostic SNPs have been assayed for 635 individuals (Thompson et al., 2009 ); however, NGS will aid marker design and application for systems with no current genomic resources. Focused studies of hybrid swarms should be expanded to include samples from across a species ranges, in order to accurately assess the degree of admixture and introgression. By expanding the study range, replicate hybrid swarms can be included, as patterns of hybridization may not be the same under different environmental and demographic scenarios . Moreover, recent theoretical and empirical data (summarized in Buggs, 2007) highlight that hybrid zones may not be static in space and time (Barton and Hewitt, 1985) . Increased sample ranges will allow a better understanding of the dynamic nature of past Next-generation hybridization and introgression AD Twyford and RA Ennos hybridization events, and also influence future conservation policies of taxa that are known to hybridize. For example, high-resolution genomic data will allow progenitors of recent hybrid species in taxonomically complex groups to be distinguished, so that conservation work can focus on conserving the evolutionary process underlying the generation of genetic novelty in the group (Ennos et al., 2005) . In phylogenetic research, genomic resources will provide a wealth of data from which loci evolving at the required speed for good resolution and widespread amplification can be selected. Moreover, integrated approaches combining the power of NGS with targeted capture of informative loci will allow many loci to be amplified in a more cost-efficient manner Turner et al., 2009 ). This will have wide-ranging implications for evolutionary studies, allowing an increased sampling breadth within and between species, and the amplification of many more informative markers. Targeted NGS sequence data will be important in understanding hybridization in complex polyploid groups where distinguishing homologs and homeologs has previously hindered research (Slotte et al., 2008; Buggs et al., 2010; Hohenlohe et al., 2011) . Its use in reconstructing reticulate evolution in ancient homoploid hybrid taxa will also be significant, as the ability to study a large number of nuclear markers with high coverage to sample all alleles in a population will allow complex historical scenarios to be better understood.
To understand how introgressed alleles interact with the rest of the recipient genome, and the subsequent selection introgressed alleles may be subject to, genotyping natural populations at many loci will allow the identification of outlier loci. These include loci with a high rate of introgression, which are under positive selection (or tightly linked to a gene undergoing positive selection, 'hitchhiking' markers), as well as loci that are likely to have a decreased frequency of introgression. These include genes involved in co-adapted gene complexes (epistatic interactions) or structurally divergent areas of the chromosome where recombination is suppressed (Rieseberg et al., 1995; Kane et al., 2009) . The identification of regions that show no introgression is of particular importance, as these areas may contain genes responsible for reproductive isolation, which have a role in maintaining the distinct identities of species which co-occur in allopatry (Turner et al., 2005) . Once outlier loci that show divergent patterns of introgression from the rest of the genome are identified, these can be removed from analysis, weighted accordingly, or tested to see if they are under selection (Luikart et al., 2003) .
In each of the above cases, an understanding of the frequency of introgression at each locus and the subsequent selection which occurs, may be the first step towards understanding the adaptive significance of introgressed genes. This may be done by identifying introgressed chromosome blocks and searching in these regions for candidate genes that may underlie introgressed functional traits. Alternatively, genome-wide comparisons can be made using transcriptional profiling or the use of markers in transcribed regions (Bräutigam and Gowik, 2010) .
WHAT ARE THE MEDIUM-TERM PROSPECTS AND THE LONGER TERM VISION FOR APPLYING NGS TECHNOLOGIES TO STUDIES OF HYBRIDIZATION?
The main aim of obtaining an accurate estimate of interspecific gene flow certainly appears achievable if current methodological limitations, such as developing a large number of markers that distinguish between paralogous genes, can be achieved. Therefore, in the medium term, implementation of novel methods may vastly increase our understanding of how porous genomes are, the types of loci that introgress, and the rate at which linkage blocks are eroded over time. Of the emerging group of new methods, those that integrate the design and application of markers, are perhaps the most exciting for hybridization studies. These methods harvest NGS technologies in the most effective manner, using them for both polymorphic marker design and automated high-throughput genotyping (Miller et al., 2007b) . RAD tag sequencing is one example that satisfies the target of sampling many individuals for a large number of loci, and the recent application of RAD tags in the complex genome of barley indicates this method can be successfully applied to repetitive genomes (Chutimanitsakun et al., 2011) . Alternative approaches to genome-wide sampling allow important sequence variation to be amplified in a more targeted manner. This includes genome-wide array based resequencing, or targeted capture of candidate genes for a specific introgressed phenotype, and these approaches will allow the introgression of functional traits to be examined in a range of ecologically important scenarios.
One exciting prospect of genomic introgression studies is the bridging of population genetic and molecular phylogenetic frameworks to understand the contribution of introgression over different temporal and spatial levels (Figure 2 ). The incorporation of in-depth within-species sampling of population genetics, and the breadth of genetic data from phylogenetic studies, will allow both ancient and more recent introgression events to be identified. To enable this quantity of genetic data to be handled, the emphasis should be placed on developing bioinformatic tools to match the power of new NGS technologies .
CONCLUSION
Computer simulations and models of gene flow predict widespread introgression under different demographic scenarios (for example, Currat et al., 2008) , but until now genome-wide studies of introgression have been limited to a handful of model organisms (for example, sunflowers; Kane et al., 2009) . In this review, we promote the use of NGS technologies to design molecular markers spread throughout the genome, and encourage the use of high-throughput assays to genotype large numbers of individuals, especially in non-model organisms. Genomic introgression studies should use an increasing depth of genetic data to integrate population genomic and phylogenomic frameworks, as well as databases including gene function, to infer adaptive introgression. Such approaches will allow us not only to shed light on recent introgression events between taxa, but also to focus on this evolutionary process in a historical perspective, and deduce the adaptive function of introgressed genes.
